Satellite cells from adult rat muscle coexpress proliferating cell nuclear antigen and MyoD upon entry into the cell cycle, suggesting that MyoD plays a role during the recruitment of satellite cells. Moreover, the finding that muscle regeneration is compromised in MyoD؊/؊ mice, has provided evidence for the role of MyoD during myogenesis in adult muscle. In order to gain further insight into the role of MyoD during myogenesis in the adult, we compared satellite cells from MyoD؊/؊ and wildtype mice as they progress through myogenesis in single-myofiber cultures and in tissue-dissociated cell cultures (primary cultures). Satellite cells undergoing proliferation and differentiation were traced immunohistochemically using antibodies against various regulatory proteins. In addition, an antibody against the mitogen-activated protein kinases ERK1 and ERK2 was used to localize the cytoplasm of the fiber-associated satellite cells regardless of their ability to express specific myogenic regulatory factor proteins. We show that during the initial days in culture the myofibers isolated from both the MyoD؊/؊ and the wildtype mice 
INTRODUCTION
Satellite cells, the myogenic precursors in postnatal and adult skeletal muscle, are located between the basement membrane and the plasma membrane of myofibers in growing and mature muscle (Mauro, 1961; Bischoff 1989; Yablonka-Reuveni, 1995) . At least some of the satellite cells are mitotically active in the growing muscle, contributing myonuclei to the enlarging fibers (Moss and Leblond, 1971) . As muscle matures, the addition of myofiber nuclei ceases and the satellite cells become mitotically quiescent (Schultz et al., 1978) . These quiescent myogenic precursors can become mitotically active in response to various muscle stresses and their progeny can fuse into preexisting fibers or form new myofibers (reviewed in Grounds and Yablonka-Reuveni, 1993; Schultz and McCormick, 1994) . Overt muscle injury is not the only condition that leads to satellite cell proliferation. Recruitment of these precursors occurs in response to more subtle stresses such as stretch, exercise, and muscle hypertrophy (Appell et al., 1988; Snow, 1990; Winchester et al., 1991; Schultz and McCormick, 1994) .
Following their activation in vivo, satellite cells enter a program which involves the expression of the myogenic regulatory factors (MRFs) (Grounds et al., 1992; Fü chtbauer and Westphal, 1992; Koishi et al., 1995; Anderson et al., 1998; McIntosh et al., 1998) . These MRFs form the basichelix-loop-helix family of myogenic transcription factors, which consists of MyoD, Myf5, myogenin, and MRF4, and is thought to be involved in the specification of the skeletal myogenic lineage during embryogenesis. MyoD and Myf5 are expressed earlier during muscle development and are involved in the determination of the myogenic lineage. Myogenin and MRF4 are expressed later as myoblasts progress through differentiation and are likely acting as differentiation factors (reviewed in Megeney and Rudnicki, 1995; Yun and Wold, 1996; Buckingham et al., 1998) .
The MRFs are also detected in cultures of satellite cells and cell lines derived from these precursors (Wright et al., 1989; Hinterberger et al., 1991; T. H. Smith et al., 1993 ; C. K. Smith et al., 1994; Maley et al., 1994; YablonkaReuveni and Rivera, 1994, 1997a) . The expression of MRFs by cells already committed to the muscle lineage likely reflects the role of MRFs in the transition from proliferation to differentiation (reviewed in Olson, 1992 Olson, , 1993 Weintraub, 1993) . Indeed, following their isolation and culturing, quiescent satellite cells enter the cell cycle and express MyoD concomitantly with cell proliferation (YablonkaReuveni and Rivera, 1994; Yablonka-Reuveni et al., 1999) . Myogenin expression lags behind MyoD in satellite cell cultures and correlates with cell cycle withdrawal and transition into differentiation (C. K. Smith et al., 1994; Yablonka-Reuveni and Rivera, 1994; Yablonka-Reuveni et al., 1999) . MRF transcript analysis in single cells has suggested that satellite cells may first express either MyoD or Myf5 and, subsequently, will coexpress both MyoD and Myf5 followed by myogenin and MRF4 expression (Cornelison and Wold, 1997) .
The finding that MyoD protein is expressed concomitantly with proliferating cell nuclear antigen (PCNA) following activation of rat satellite cells in single fiber cultures has suggested a possible role for MyoD during satellite cell recruitment (Yablonka-Reuveni and Rivera, 1994; Yablonka-Reuveni et al., 1999) . Moreover, the discovery that the muscle of the MyoDϪ/Ϫ mutant mouse was severely deficient in regenerative capacity following injury has provided evidence for a possible role of MyoD in the adult muscle (Megeney et al., 1996; McIntosh et al., 1998) . The in vivo studies with the MyoD-deficient mouse led to the proposal that in the absence of MyoD the adult myogenic precursors (satellite cells) undergo enhanced self-renewal rather then give rise to progeny which are able to undergo differentiation (Megeney et al., 1996) .
The present study was carried out to gain further insight into the role of MyoD during myogenesis of satellite cells.
We compared the capacity of satellite cells from MyoDϪ/Ϫ and wildtype mice to progress through myogenesis in two different culture models: isolated myofibers and isolated satellite cells. The isolated myofibers retain their few satellite cells in the original site underneath the basement membrane, allowing analysis of satellite cells in their native position by the myofiber without the complexity of the intact tissue (Bischoff, 1986 (Bischoff, , 1989 Yablonka-Reuveni and Rivera, 1994, 1997b; Yablonka-Reuveni et al., 1999) . This association between the satellite cells and the myofiber basement and plasma membranes is potentially important for maintaining the satellite cells in a quiescent or proliferative state (Bischoff, 1990a,b) . Additionally, the myofibers can potentially serve as a paracrine source for various growth-regulating agents required by the satellite cells. Satellite cell dynamics in the isolated fiber system may model myogenesis in an environment in which the myofiber architecture is preserved, such as muscle growth and hypertrophy. In contrast, in cultures of tissuedissociated cells (i.e., primary cultures), the dynamics of myogenesis may more closely model events following overt muscle trauma in which new myofibers are formed.
To study the mouse myofibers, we resorted to the same approach described for the rat system in which we showed that antibodies against PCNA, MyoD, or myogenin recognized a small number of nuclei associated with the myofibers; these nuclei were proven to be nuclei of satellite cells and were not merely myofiber nuclei (Yablonka-Reuveni and Rivera, 1994, 1997b) . Tracing of the rat satellite cell cytoplasm regardless of its state along the myogenic program was additionally achieved by immunostaining of the fiber cultures with an antibody against the extracellular signal-regulated kinases 1 and 2 (ERK1/2) (YablonkaReuveni et al., 1999) . ERK1/2 are members of the mitogenactivated protein kinase superfamily, which is involved in the transmission of extracellular signals to their intracellular targets. While activated ERK1/2 are dually phosphorylated on specific tyrosine and threonine residues, the cells may also contain nonphosphorylated and singly phosphorylated ERK1/ERK2 (for reviews see Robinson and Cobb, 1997; Lewis et al., 1998) . The antibody against ERK1/2 used for tracing satellite cells recognizes both the phosphorylated and the nonphosphorylated forms (Seger et al., 1994; Yablonka-Reuveni et al., 1999) . The proliferation of the MyoDϪ/Ϫ and wildtype satellite cells in mouse myofiber cultures was further compared upon the addition of fibroblast growth factor 2 (FGF2, basic FGF). In the rat myofiber model, the addition of FGF2 enhances the number of proliferating (PCNAϩ/MyoDϩ) satellite cells and leads to a subsequent increase in the number of differentiating (myogeninϩ) cells (Bischoff, 1989; Yablonka-Reuveni and Rivera, 1994, 1997b; Yablonka-Reuveni et al., 1999) . The progression of myogenesis in the primary cultures of MyoDϪ/Ϫ and wildtype mouse satellite cells was also analyzed employing immunocytochemistry as previously described for the mouse-derived C2 cells (YablonkaReuveni and Rivera, 1997a) .
We show that satellite cells lacking MyoD remain in the proliferative state for an extended amount of time and that their transition into the myogeninϩ state is suppressed. In addition, the progeny of the cultured MyoDϪ/Ϫ satellite cells show far more Myf5ϩ cells than those of the wildtype cells. While the transition to the myogeninϩ state is suppressed in the MyoDϪ/Ϫ cultures, the myogeninϩ cells that appear in these cultures express various proteins whose presence correlates with muscle differentiation. Taken together, our studies suggest that the expression of MyoD is critical for the normal progression of satellite cells into the differentiating state. The delayed emergence of myogeninϩ cells seen in cultures of satellite cells lacking MyoD likely contributes to the impaired regeneration of MyoDϪ/Ϫ muscles seen in vivo. It remains to be determined whether it is the lack of MyoD and/or the persistent nuclear expression of Myf5 that alters the differentiation capacity of the MyoDϪ/Ϫ satellite cells.
METHODS

Animals
Balb/C mice (purchased from B & K Universal, Kent, WA) and MyoDϪ/Ϫ mice (Rudnicki et al., 1992) were used throughout the study. Cultures were prepared from muscles of 6-to 10-week-old mice. Cohorts of either all males or all females were used in individual experiments and gender-related differences were not observed. The Balb/C strain was used as wildtype control in the study because the MyoDϪ/Ϫ mice are in a Balb/C-enriched genetic background (over three back crosses).
Cultures of Isolated Mouse Myofibers
Single muscle fibers with associated satellite cells were prepared from the flexor digitorum brevis (FDB) muscle of mouse hindfoot in a manner similar to that previously described for "young adult" rats (Yablonka-Reuveni and Rivera, 1994; Yablonka-Reuveni et al., 1999) , except that all procedures used DMEM (Gibco BRL, Gaithersburg, MD) instead of MEM. Typically, muscles from both hindfeet of three to six mice were used for each preparation. FDB muscles, freed from outer connective tissue, were immersed in 0.2% collagenase type 1 (Sigma, St. Louis, MO) and incubated at 37.5°C for 2.5 h. Single fibers were released from the collagenasetreated muscles by gentle trituration of the tissue for about 5 min and further purified by settling three times through DMEM containing 10% horse serum. The final fiber sediment in residual medium was dispensed as 50-l aliquots into 35-mm tissue culture plates coated with 0.12 ml of isotonic Vitrogen 100 solution (stock concentration at 2.9 mg/ml; Celtrix Laboratories, Palo Alto, CA). Fiber cultures were preincubated for 20 min at 37.5°C in humidified air containing 5% CO 2 to allow formation of Vitrogen gel and adherence of fibers to the Vitrogen. Following the initial incubation, cultures received 1 ml of basal medium with or without FGF2 at 2 ng/ml and incubation continued under the same conditions as for the preincubation replacing the medium (ϮFGF2) daily. The basal medium consisted of DMEM containing 20% Controlled Process Serum Replacement (CPSR2; Sigma), 1% horse serum (Sigma), and antibiotics (Yablonka-Reuveni and Rivera, 1997a) . FGF2 (human recombinant, kindly provided by Dr. S. Hauschka, University of Washington) was added to enhance the number of satellite cells undergoing myogenesis. As shown in the results, only a small number of satellite cells can be detected in Balb/C fibers without the addition of FGF2.
Cultures of Tissue-Dissociated Mouse Satellite Cells
Satellite cells were isolated from several hindlimb muscles (see details in tables and figure legends) and from the diaphragm muscle. Muscles were typically collected from the same mice used for preparing cultures of single myofibers. Each batch of specific muscle type was processed separately. Muscles, cleaned from the surrounding connective tissue, were minced into small fragments and incubated with collagenase using the same conditions as for fiber isolation. The collagenase-treated preparations were subsequently triturated and the resulting suspensions were filtered through a double layer of lens tissue. Cells were harvested by centrifugation (300g, 10 min), resuspended in DMEM containing 10% horse serum, filtered again through lens tissue, and collected again by centrifugation. This repetitive filtering and centrifugation removed most of the muscle debris which is generated during the enzymatic dissociation of satellite cells. The final cell pellet was resuspended in growth medium and cultured in 35-mm plates precoated with 2% gelatin. The growth medium, which was changed every 2-3 days, consisted of DMEM containing 25% fetal calf serum (Sigma), 10% horse serum (Sigma), 1% chicken embryo extract, and antibiotics (Yablonka-Reuveni and Rivera, 1997a) . Cultures from the diaphragm and the quadriceps femoris muscles (which yielded more cells than other muscles) were initiated at 2 ϫ 10 5 cells per plate. Cells isolated from other hindlimb muscles were seeded at 10 4 to 5 ϫ 10 4 cells per plate. 
Immunolabeling and Counterstaining of Nuclei
Indirect immunofluorescence of methanol-fixed cultures and staining of nuclei with DAPI were performed as previously described (Yablonka-Reuveni and Rivera, 1994, 1997a; YablonkaReuveni et al., 1999) . Secondary antibodies were from OrganonTechnika Cappel (Downington, PA). A fluorescein-conjugated goat anti-mouse IgG was used for the mouse monoclonal primary antibodies and rhodamine-conjugated goat anti-rabbit IgG was used for the rabbit polyclonal primary antibodies.
Primary Antibodies
All primary antibodies used in the present study (excluding the anti-Myf5 and the anti-cyclin D3) have been described in earlier studies (Yablonka-Reuveni and Rivera, 1994, 1997a,b; YablonkaReuveni et al., 1999) . The following primary antibodies were used.
Anti-ERKs (pAb). The polyclonal antibody against the mitogenactivated protein kinases ERK1 and ERK2 was raised in rabbit immunized with a peptide representing residues 307-327 of the ERK gene product. The peptide sequence is conserved in both ERK1 and ERK2, and the antibody recognizes both ERKs (phosphorylated and nonphosphorylated) with the same sensitivity. The antibody was originally produced by Drs. R. Seger and E. Krebs and is characterized in Gause et al. (1993) and in Seger et al. (1994) . The use of this antibody to trace satellite cells in isolated rat fibers has been described in detail in Yablonka-Reuveni et al. (1999) . We showed in the latter paper that ERK1 and ERK2 (44 and 42 kDa, respectively) and their slowermigrating phosphorylated forms have the same molecular weights when extracts of rat and mouse myogenic cultures were compared by immunoblotting. The antibody used for the current study was a gift from Drs. J. Campbell and E. Krebs.
Anti-Myf5 (pAb). Two polyclonal antibodies against Myf5 were used. The antibodies were raised in rabbits immunized with either COOH-terminal domain or NH 2 -terminal domain peptides of rodent Myf5 (M. Primig and M. Buckingham, unpublished work). Immunofluorescence and immunoblotting of C2 mouse myoblasts with these anti-Myf5 antibodies were published (Aurade et al., 1997; Lindon et al., 1998; Carnac et al., 1998; Kitzmann et al., 1998) . The C-and N-terminal-domain antibodies provided identical results when tested in myogenic cultures. Both antibodies were inappropriate for tracing Myf5ϩ cells in muscle sections or in fiber cultures due to some reactivity with the myofiber cytoplasm which prevented a clear distinction of Myf5ϩ nuclei. A similar reactivity with cultured myotubes was also described in Kitzmann et al. (1998) and was shown to be nonspecific. Our characterization of the antibodies further revealed that only myogenic cultures which express Myf5 mRNA react with the antibodies and show Myf5ϩ nuclei. These included cultures of the rat-derived L6 and L8 myogenic lines (Yaffe, 1968; Yaffe and Saxel, 1977a ; obtained from the American Type Culture Collection (ATCC), Rockville, MD) and of the mouse myogenic C2 line (Yaffe and Saxel, 1977b; Yablonka-Reuveni and Rivera, 1997a) . Cultures of the rat-derived line H9c2 (Kimes and Brandt, 1976 ; obtained from ATCC), which express mRNA for MyoD, myogenin, and MRF4 but not for Myf5, did not react with the antibodies (D. Graves, P. Natanson, and Z. Yablonka-Reuveni, unpublished results). For the studies described in the paper we mostly used the antibody against the NH 2 -terminal domain.
Anti-PCNA (mAb 19F4). A mouse monoclonal antibody against PCNA was from Boehringer Mannheim (Indianapolis, IN).
Anti-MyoD (mAb 5.8A). A mouse monoclonal antibody against murine MyoD (IgG fraction) was developed and kindly provided by Drs. P. Houghton and P. Dias (St. Jude Children's Research Hospital, Memphis, TN) (Dias et al., 1992) .
Anti-MyoD (pAb).
A rabbit polyclonal antibody against rodent MyoD was prepared and provided by Dr. S. Alemá (Institute of Cell Biology, CNR, Rome, Italy). We described in previous studies additional characterizations of this antibody (Yablonka-Reuveni and Rivera, 1994; Anderson et al., 1998) . Double immunofluorescence of myogenic cells with the monoclonal and polyclonal antibodies against MyoD showed that the two antibodies have the same staining pattern and neither antibody reacted with myogenic cultures from MyoDϪ/Ϫ mice.
Anti-myogenin (mAb F5D). A mouse monoclonal antibody against rodent myogenin was used in a hybridoma supernatant form. The F5D hybridoma was developed and kindly provided by Dr. W. Wright, University of Texas.
Anti-MEF2A (pAb). A rabbit polyclonal antibody against MEF2A was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The use of this antibody to detect MEF2A in extracts of C2 cultures via immunoblotting was described in Molkentin et al. (1996) . Using immunofluorescence we showed that in C2 cultures the anti-MEF2A stains nuclei of mononucleated cells positive for myogenin and of all nuclei in myotubes (Yablonka-Reuveni and Rivera, 1997a).
Anti-cyclin D3 (pAb).
A rabbit polyclonal antibody against cyclin D3 was purchased from Santa Cruz Biotechnology. Immunoblotting of extracts of smooth and skeletal muscle cultures from rat and mouse demonstrated a single protein band (unpublished results).
Anti-desmin (mAb D3).
A mouse monoclonal antibody against desmin (mAb D3, hybridoma supernatant) was originally developed by Danto and Fischman (1984) and was obtained from the Developmental Studies Hybridoma Bank (University of Iowa). Although originally made against chicken desmin, studies of various laboratories documented the specificity of the antibody for mouse and rat desmin as well (Allen et al., 1991; Yablonka-Reuveni and Rivera, 1997a) .
Counting Positive Cells in Isolated Myofibers and in Primary Cultures
Myofiber cultures were monitored for the number of fiberassociated cells using two parallel 35-mm plates for each time point of an individual experiment. Immunopositive cells were scored as the number of positives on each individual fiber, analyzing 30 fibers per plate. The total number of positive cells in 30 fibers was then averaged for the duplicate plates. This value is eventually expressed per 10 fibers as shown in the figures. To analyze primary cultures, arbitrary fields in each culture were scored for total cell numbers (all DAPI-stained nuclei present), the number of cells stained with the antibodies examined, and the number of nuclei within myotubes. Depending on the density of the cultures, 20 to 50 fields were monitored per 35-mm culture plate. The results shown in the tables are of single experiments, analyzing single plates per time point due to the limitation in the number of cells that can be isolated from individual muscles. All experiments were repeated several times. In all studies we used a Nikon Optiphot 2 fluorescence microscope. (Figs. 1C and 1CЈ ). Cultures were also stained with DAPI in order to trace the nuclei within the myofiber and the nuclei of the fiber-associated satellite cells (Figs. 1AЉ, 1BЉ , and 1CЉ). Nuclei positive for PCNA, MyoD, or myogenin were always colocalized with ERKϩ cells. Immunohistochemical analysis of myofibers from the MyoDϪ/Ϫ mice detected nuclei positive for PCNA or myogenin, colocalized to ERK-positive cells (Figs. 1D, 1DЈ , 1E, and 1EЈ), but MyoD immunostaining was not found in the cultures. The lack of MyoD immunostaining was confirmed with both the monoclonal and the polyclonal antibody. For both Balb/C and MyoDϪ/Ϫ myofiber cultures, we cannot rule out the possibility that the cytoplasm of the myofiber itself is also positive for ERK. Nevertheless, the staining of the satellite cells with the anti-ERK is far more intense than that of the fiber cytoplasm, providing a means for cell tracing.
RESULTS
Immunoreactivity and Quantification of Satellite Cells in Mouse Myofiber Cultures
The immunofluorescence analysis often detected clustered cells in fibers from both the wildtype and the MyoDϪ/Ϫ mice. These clusters varied from small ones containing about 5-10 cells (Figs. 1A and 1C) to clusters containing numerous cells (Fig. 1E ). These larger clusters were found only in the MyoDϪ/Ϫ fibers. Single cells and groups of 2-4 cells were also detected in both wildtype and MyoDϪ/Ϫ fibers (Figs. 1B and 1D) . In wildtype fibers, nearly all cells within a cluster were positive for PCNA, MyoD, or myogenin (Figs. 1A, 1B, and 1C) . Cell clusters in the MyoDϪ/Ϫ fibers were positive for PCNA, but most often were negative for myogenin even after 5-10 days in culture. Infrequently, some myogeninϩ cells were identified in cell clusters that were nearly all myogenin-negative (Fig. 1E) .
Quantification of fiber-associated cells positive for ERK, PCNA, MyoD, or myogenin in myofiber cultures from Balb/C and MyoDϪ/Ϫ mice is shown in Figs. 2 and 3 , respectively. Studies were conducted with cultures maintained in basal medium Ϯ FGF2 at 2 ng/ml. FGF2 was added to the myofiber cultures to increase the number of cells available for the analysis, since the number of satellite cells undergoing myogenesis in Balb/C cultures is far lower without the addition of FGF2 (Fig. 2) . In addition, the FGF-treated myofiber cultures from Balb/C mice were used as controls for determining whether proliferation of satellite cells from the MyoDϪ/Ϫ mice can be influenced by FGF2 (see further details below in connection with Fig. 3) . Figure 2 demonstrates that satellite cells undergoing myogenesis in myofibers from the Balb/C mice are first positive for PCNA and MyoD and subsequently become positive for myogenin. All PCNAϩ, MyoDϩ, and myogeninϩ nuclei localized to ERKϩ cells. For all three antibody pairs used, the total number of ERKϩ cells for control and FGF2-treated cultures was similar to that shown in Fig. 2A . Kinetics of satellite cell proliferation and differentiation and an FGF2 effect similar to those seen with Balb/C myofiber cultures were also documented for cultured myofibers from other control mice of varying ages (data not shown). These included fibers isolated from younger C57Bl/ 10ScSn mice (6-to 10-week-old; The Jackson Laboratory, Bar Harbor, ME) and from older C57Bl/6 ϫ DBA/2 mice (F1, 7-and 34-month-old; a gift from Dr. Norman Wolf, University of Washington). Figure 3 summarizes the data about fiber-associated cells in myofiber cultures from the MyoDϪ/Ϫ mice. As in the Balb/C cultures, the cells in the MyoDϪ/Ϫ cultures can be monitored with the antibodies against PCNA or ERK (Fig.  3A) . These MyoDϪ/Ϫ fiber-associated cells remained proliferative for longer time in culture (i.e., through days 4 -5) compared to the Balb/C satellite cells whose proliferation declined following 3 days in culture. Consequently, the number of satellite cells is far higher in the MyoDϪ/Ϫ cultures. It is notable that FGF2 contributes to an increased number of PCNAϩ/ERKϩ or total ERKϩ cells in the MyoDϪ/Ϫ cultures, but the effect was subtle by day 3 in culture and became apparent only by day 4. In contrast, the effect of FGF2 on increasing the number of Balb/C satellite cells was distinctive by day 3 in culture (compare Figs. 2A  and 3A) . Also, in contrast to the Balb/C cultures, only a minimal number of the ERKϩ cells were positive for myogenin in the MyoDϪ/Ϫ myofibers and these infrequent myogeninϩ cells were not detected before day 4 (Fig. 3B) . MyoDϪ/Ϫ fibers cultured for up to 9 days did not demonstrate a robust increase in the number of myogeninϩ cells either. For example, the numbers of positive cells (expressed per 10 fibers/plate) for day 6, 7, 8, and 9 cultures maintained in medium lacking FGF2 were 8, 4, 8, and 2, respectively, for myogeninϩ cells and 96, 95, 88, and 75, respectively, for ERKϩ cells. A similar range in the frequencies of myogeninϩ cells was seen in parallel cultures receiving FGF2.
MyoDϪ/Ϫ muscles are thought to express a higher level of Myf5 transcripts than wildtype muscle (Rudnicki et al., 1992; Kablar et al., 1997) . It was therefore intriguing to compare Myf5 protein expression in myofiber cultures from Balb/C and MyoDϪ/Ϫ mice. However, since both the C-
FIG. 3. Temporal appearance of cells or nuclei positive for ERK1/ ERK2
and PCNA (A) and ERK1/ERK2 and myogenin (B) in cultures of myofibers isolated from MyoDϪ/Ϫ mice. Cultures were maintained in basal medium (ϮFGF2 at 2 ng/ml) and the medium was changed daily. Plates were collected every 24 h and reacted via double immunofluorescence with the polyclonal antibody against ERK1/ERK2 in combination with the monoclonal antibodies against PCNA and myogenin. Immunostaining was performed as detailed in the legend to Fig. 1 . Two parallel 35-mm plates were analyzed for each time point. For each panel, the total number of ERKϩ cells and the number of doubly positive cells (PCNAϩ/ERKϩ or myogeninϩ/ERKϩ) were determined. Nuclei positive for PCNA or myogenin which were not within ERKϩ cells were never detected. Also, immunostaining with the antibody against MyoD could not detect immunostained nuclei or cells. Cells were scored as the number of positives on each individual fiber, analyzing 30 fibers per plate. Total positives were then averaged for duplicate plates and this value was eventually expressed per 10 fibers as indicated on the y axis. The error bar depicts the range of the variation between the duplicate plates of individual experiments. and the N-terminal domain antibodies against Myf5 reacted with the entire myofiber, reliable counting of Myf5ϩ nuclei using immunofluorescence was not possible. As discussed below, we were able to overcome this difficulty and analyze Myf5 protein expression in cultures of tissue-dissociated satellite cells.
Expression of Desmin, MyoD, Myf5, and Myogenin Proteins in Cultures of Tissue-Dissociated Mouse Satellite Cells
Figure 4 depicts immunofluorescent micrographs of cultured satellite cells which were isolated from Balb/C mice and stained with various antibodies. MyoDϩ cells were already detected during early days in culture; these cells were also positive for desmin (Fig. 4A , day 4 culture), which is in agreement with the earlier finding that proliferating mouse myoblasts express desmin (Kaufman and Foster, 1988) . Myogeninϩ cells were not detected at this early time point. More advanced cultures showed both MyoDϩ and myogeninϩ cells (Figs. 4B and 4C, 10 and 8 days in culture, respectively). The quantification of MyoDϩ and myogeninϩ cells in myogenic cultures prepared from the adult diaphragm muscle of Balb/C mice is summarized in Table  1 . By the 8th day in culture there is a robust increase in the number and frequency of the myogeninϩ cells followed by an increase by day 11 in the number of cells which have fused into myotubes. A similar myogenic progression was detected in cultures from various limb muscles. However, the diaphragm muscle provided more satellite cells and thereby enabled a more detailed analysis. Immunostaining of cultures from diaphragm and various limb muscles with the antibodies against Myf5 revealed primarily cells that did not stain for Myf5 or whose immunostaining was questionable. Occasional cells showed some cytoplasmic stain, speckled nuclear stain, and/or uniform but faint nuclear stain. Altogether, compared to the unequivocal nuclear immunostaining of the cells for MyoD or myogenin, the immunosignal produced by potential Myf5ϩ cells in the wildtype cultures was unreliable for the quantification of positive cells. Figure 5 depicts micrographs of cultured satellite cells that were isolated from the MyoDϪ/Ϫ mice and stained with antibodies. MyoDϩ cells were not detected with either the polyclonal or the monoclonal antibody. Desminϩ cells were detected in cultures from the diaphragm and various limb muscles. The immunostaining intensity for desmin varied in the MyoDϪ/Ϫ cultures, ranging from intensely stained cells as in the wildtype cultures to faintly stained cells. Because of this staining variation we did not attempt to quantify the desminϩ cells in the MyoDϪ/Ϫ cultures. Nevertheless, focusing on the cells which were clearly desminϩ, it was notable that with time in culture, their nuclei became distinctly positive for Myf5 (Figs. 5A and 5B). Double staining with the antibodies against myogenin and Myf5 detected both Myf5ϩ and myogeninϩ mononucleated cells in the same cultures, although the cells were typically not positive for the two proteins together (Figs. 5C and 5D ). In addition to the nuclear Myf5, there was also a cytoplasmic stain with the anti-Myf5 antibody which was especially distinct during early days in culture when the cells were compact (Fig. 5A) . A similar cytoplasmic stain was also seen in C2 cultures with a different Myf5 antibody (Yablonka-Reuveni and Rivera, 1997a) . The nature of this cytoplasmic stain is unclear and might perhaps reflect the presence of authentic Myf5 protein in the cytoplasm. In the present study only the cells that demonstrated nuclear Myf5 immunostaining were considered positive and included in the counts of Myf5ϩ cells. The quantification of Myf5ϩ and myogeninϩ cells in cultures isolated from the adult diaphragm and quadriceps muscles of MyoDϪ/Ϫ mice is provided in Table  2 . The data show that myogeninϩ cells can be detected in the MyoDϪ/Ϫ cultures but the appearance of the cells is delayed by about 2 days comparing the diaphragm cultures from Balb/C and MyoDϪ/Ϫ mice (Tables 1 and 2 ). Myotubes were also detected in the cultures from the MyoDϪ/Ϫ diaphragm and limb muscles and nuclei within these myotubes were consistently positive for myogenin but negative for Myf5 (Figs. 5E and 5F ). However, the number of nuclei fusing into myotubes was lower in cultures from MyoDϪ/Ϫ muscle compared to Balb/C diaphragm cultures.
Expression of Cyclin D3 and MEF2A by Differentiating Myoblasts in Satellite Cell Cultures from MyoD؊/؊ Mice
We were interested in determining if the myogeninϩ cells in the MyoDϪ/Ϫ cultures were able to express other regulatory proteins expressed by differentiating wildtype myoblasts. We examined the expression of the nuclear proteins MEF2A and cyclin D3. MEF2A is a member of the MEF2 family of transcription factors, which are thought to act cooperatively with the MRF family during differentiation and activation of structural muscle genes (Molkentin and Olson, 1996) . We showed that MEF2A is expressed in myogeninϩ cells after the onset of myogenin expression in C2 myoblasts (Yablonka-Reuveni and Rivera, 1997a) . Cyclin D3 protein, which is apparently a positive regulator of cell cycle progression in various mammalian systems, is expressed by differentiated (and not by proliferating) myoblasts and is thought to have a regulatory function during terminal differentiation (Kiess et al., 1995a) . The correlation between differentiation and cyclin D3 protein expression was demonstrated in various rodent myogenic cell lines and agents promoting proliferation of myoblasts repressed the expression of cyclin D3 mRNA (Rao and Kohtz, 1995; Kiess et al., 1995b) . In the present analysis of isolated satellite cells, we found that MEF2A and cyclin D3 are expressed by the nuclei of myogeninϩ cells and myotubes in wildtype cultures (data not shown) and in MyoDϪ/Ϫ cultures (Fig. 6) . Although the exact number of positive cells was not quantified, we concluded that most of the myogeninϩ mononucleated cells and all the nuclei within myotubes were positive for MEF2A and cyclin D3. This finding indicates that although delayed in their appearance, the myogeninϩ cells can express other regulatory proteins associated with myogenic differentiation. In some of the immunostaining investigations, after double staining for myogenin and MEF2A, the MyoDϪ/Ϫ cultures were restained for desmin. Similar to what has been observed in many species (reviewed in Yablonka-Reuveni and Nameroff, 1990), desmin was found to be present in differentiating myoblasts and myotubes in the MyoDϪ/Ϫ cultures (Fig. 6A) .
DISCUSSION
In the present study we analyzed proliferation and differentiation of satellite cells from wildtype and MyoDϪ/Ϫ mutant mice. The use of the isolated myofiber cultures enabled us to distinguish satellite cells by their association with the myofibers. In these fiber cultures, the wildtype cells rapidly transit from proliferation to differentiation. The cells are first positive for both PCNA and MyoD and subsequently become positive for myogenin. The counterstaining of the cells with the antibody against ERK1/2 suggests that all myogenic cells in wildtype fibers transit from the PCNAϩ/MyoDϩ state to the myogeninϩ state. In contrast, satellite cells in fiber cultures from MyoDϪ/Ϫ mice give rise to a higher number of satellite cell progeny due to extended time in the proliferative state. Only a small number of these MyoDϪ/Ϫ cells transit into the myogeninϩ state throughout the period of time in culture (0 -9 days) that was examined. We did not extend the fiber analysis beyond this period because the fibers eventually disintegrate. Nevertheless, the myofiber cell tracings indicated that the emergence of the myogeninϩ cells was delayed in MyoDϪ/Ϫ cultures compared to the wildtype cultures.
Analysis of cultures of tissue-dissociated satellite cells provided further insight into the differences between the progeny of satellite cells from wildtype and MyoDϪ/Ϫ mutant mice. Only a small number of the wildtype cells contained Myf5ϩ nuclei and the level of the protein seems to be low as estimated by the intensity of the immunosignal. In contrast, cultured satellite cells from the MyoDϪ/Ϫ mice gave rise to many cells whose nuclei were distinctly positive for Myf5. In these MyoDϪ/Ϫ cultures we also detected a delayed appearance of myogeninϩ cells, which can fuse into myotubes and express other regulatory proteins associated with differentiation such as MEF2A and We attempted to distinguish the myogenic cells by immunostaining the cultures with an antibody against c-met, the transmembrane receptor for hepatocyte growth factor. Such an anti-c-met antibody was shown to detect satellite cells in mouse myofiber cultures (Cornelison and Wold, 1997) . This observation together with the reports on the ability of HGF to support proliferation and migration of satellite cells (Allen et al., 1995; Bischoff, 1997; YablonkaReuveni et al., 1999) have led to a commonly accepted convention that c-met is a specific marker for myogenic cells. We found the sensitivity of the antibody against c-met to be inappropriate for distinguishing and quantifying myogenic cells in cultures of dissociated satellite cells. A recent study indeed demonstrated only a very weak immunosignal when myogenic cells in tissue sections were traced with the c-met antibody (Anderson, 1998) . Nevertheless, we can draw firm conclusions regarding the kinetics of appearance of MyoDϩ and Myf5ϩ in the wildtype and MyoDϪ/Ϫ cultures. The data in Tables 1 and 2 Tables 1 and 2 further indicate that the emergence of myogeninϩ cells was delayed in the MyoDϪ/Ϫ cultures. The wildtype diaphragm cultures contained numerous myogeninϩ cells by day 8, whereas the mutant diaphragm cultures showed a major increase in myogeninϩ cells only by day 10.
The MyoDϪ/Ϫ myofibers did not demonstrate a major increase in myogeninϩ cells when analyzed throughout 9 days following culturing. We have not examined fiber cultures past this time period as the fibers eventually disintegrate, impairing the analysis of fiber-associated cells during late time points. Nevertheless, the myofiber cell tracings indicated that some myogeninϩ cells were ultimately present in MyoDϪ/Ϫ myofibers and their emergence was delayed compared to myogeninϩ cells in wildtype fiber cultures. It is notable that the delays in the appearance of myogeninϩ cells in myofiber cultures and in satellite cells cultures from the MyoDϪ/Ϫ mice were of a similar time length.
Embryos of MyoDϪ/Ϫ mice are capable of forming muscle but display a delayed development of hypaxial (limb and abdominal wall) musculature and expressed about fourfold higher levels of Myf5 (Rudnicki et al., 1992; Kablar et al., 1997) . Embryos of the Myf5Ϫ/Ϫ mice also develop their muscles but the development of the epaxial (paraspinal and intercostal) musculature is markedly delayed in these embryos (Braun et al., 1994; Kablar et al., 1997) . Taken together, the studies of muscle development have suggested that embryogenesis of skeletal muscle can progress when only one of the two "early" myogenic regulatory factors are present, although the myogenic programs in the absence of MyoD or Myf5 are modified compared to the wildtype. Furthermore, different signaling programs are thought to be involved in the initiation of Myf5-and MyoD-dependent pathways during development . In view of these studies of muscle embryogenesis, it is conceivable that Myf5 and MyoD might have different roles during myogenesis of satellite cells. However, Myf5Ϫ/Ϫ mice die at birth due to respiratory insufficiency associated with the absence of the major distal part of the ribs (Braun et al., 1992) , preventing at present a direct comparison of satellite cells from mice deficient in MyoD or Myf5.
Despite the unavailability of an in vivo model to test the functional role of Myf5 in the postnatal environment, some proposals regarding the role of Myf5 can be put forward when our observations are considered together with findings of other investigators. The temporal kinetics of MyoDϩ/myogeninϪ, MyoDϩ/myogeninϩ, and MyoDϪ/ myogeninϩ cells in myogenic cultures and clones of cells with a "normal" MyoD phenotype have indicated that the MyoDϩ cells give rise to myogeninϩ cells (YablonkaReuveni and Rivera, 1994, 1997a) . Likewise, the identification of rare cells which are positive for both Myf5 and myogenin in cultures from the MyoDϪ/Ϫ mice suggests that the Myf5ϩ cells can give rise to myogeninϩ cells. However, the finding that in the MyoDϪ/Ϫ cultures most of the myogeninϩ nuclei in single cells and all nuclei in myotubes did not costain for Myf5 indicates that Myf5 protein expression declines as the cells express myogenin. A similar downregulation of Myf5 protein at the onset of differentiation, when cells become positive for myogenin, was reported by Lindon et al. (1998) and by Kitzmann et al. (1998) in their studies of the mouse-derived C2 cell line. On the other hand, MyoD protein can continue to be expressed in C2 cultures by differentiating myogeninϩ cells (Yablonka-Reuveni and Rivera, 1997a) . The timing in the decline of Myf5 when myogeninϩ cells emerge suggests that differentiation of myoblasts may require the downregulation of Myf5.
Similar to the finding reported in the present study with wildtype mouse satellite cells, we showed that cultures of dissociated rat satellite cells contain only a low number of Myf5ϩ cells and a far higher number of MyoDϩ cells which rapidly enter the myogeninϩ state (unpublished results). Furthermore, we showed that the MyoDϩ cells in rat myofiber cultures rapidly transit from proliferation to differentiation (Yablonka-Reuveni et al., 1999) . In contrast, the rat myogenic cell lines L6 and L8, which were isolated from newborn rat thigh muscle (Yaffe, 1968; Yaffe and Saxel, 1977) , were reported to express Myf5 but not MyoD (Braun et al., 1989) . We recently detected the expression of MyoD mRNA and protein at a very low level in L6 and L8 cultures but Myf5ϩ cells were the prevalent cells with the expression of Myf5 preceding myogenin; also, the expression of Myf5 and myogenin proteins was temporally exclusive within individual cells (D. Graves, M. Primig, and Z. Yablonka-Reuveni, unpublished results). Hence, the study FIG. 6. Immunofluorescent micrographs of cultured satellite cells isolated from the diaphragm muscle of MyoDϪ/Ϫ mice and stained with the monoclonal antibody against myogenin together with the polyclonal antibodies against the differentiation markers MEF2A (A and AЈ) and cyclin D3 (B and BЈ). Reactivity with the monoclonal and polyclonal antibodies was visualized with a fluorescein-labeled and a rhodamine-labeled secondary antibody, respectively. The culture shown in A was also stained with the monoclonal antibody against desmin after monitoring the degree of immunostaining with the anti-myogenin and anti-MEF2A. Desmin immunoreactivity was detected by exposing the culture again to the fluorescein-labeled secondary. This staining with the desmin antibody produced the cytoplasmic signal shown by the myogeninϩ cells and myotubes. The DAPI counterstain of nuclei in the fields shown in A/AЈ and B/BЈ are depicted in AЉ and BЉ, respectively. Cells were cultured in serum-rich growth medium for 10 (A) and 17 days (B). Bar, 34 m.
of rat primary cultures and cell lines and the study of wildtype and MyoDϪ/Ϫ mouse satellite cells have yielded similar conclusions regarding the relationship between the expression of MyoD, Myf5, and myogenin. Typically, Myf5 expression is elevated when MyoD expression is reduced and the expression of Myf5 precedes myogenin. Also, myoblasts deficient in MyoD remain proliferative for a longer time while myoblasts capable of expressing MyoD rapidly transit from proliferation to differentiation. It is thus attractive to propose that overexpression of Myf5, combined with little (or no) expression of MyoD, is the hallmark of the self-renewed myogenic stem cells. In vivo, such cells may undergo asymmetric division, maintaining the pool of stem cells, and give rise to progeny that can enter the MyoD-tomyogenin sequence. The cells in the MyoD-to-myogenin pathway might constitute a population of satellite cells that is readily available for muscle growth and repair. The concept of asymmetric cell division for maintaining in the growing rat a pool of proliferating satellite cells along with their differentiating progeny was initially proposed by Moss and Leblond (1971) . Based on his studies of satellite cell proliferative dynamics in growing rats, Schultz (1996) proposed asymmetric division as a mechanism which produces true myogenic stem cells along with myoblasts which go through a minimal number of replications and are readily available for fusion into the growing myofibers. A proposed role of MyoD in directing a rapid transition from proliferation to differentiation fits well with the studies which showed that when present in its active form, MyoD leads to withdrawal of myoblasts from the cell cycle (Halevy et al., 1995) and with a recent study which showed that the reintroduction of MyoD expression to progeny of MyoDϪ/Ϫ satellite cells rescues the differentiation pathway (Sabourin et al., 1999) . In contrast, the satellite cells which express high levels of Myf5 might be able to escape MyoD expression (and subsequent rapid differentiation), maintaining a pool of stem cells ready, when necessary, to provide rapidly differentiating cells. Muscle regeneration in MyoD-deficient mice might be impaired because of an imbalance between the stem cells and the cells which enter the rapid proliferation-differentiation pathway.
